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In this work, we compare the confinement characteristics of 3 related quasiaxisymmetric (QA) stellarator designs, to better understand what causes the differences in their transport. From this, we distill some simple rules for features of the QA magnetic geometry which are deleterious or beneficial for confinement.
The National Compact Stellarator Experiment (NCSX) 1 , now under construction, is designed to have low neoclassical transport of thermal particles, much smaller than expected levels from anomalous transport. Its confinement of energetic particles is, however, more problematic. For example, Monte Carlo simulations of a reactor-sized NCSX have found an « energy loss fraction of ÐÓ×× ³ ¾ ± after ¢ ½¼ toroidal transit times (roughly a slowing-down time). 2 Accordingly, to find an improved QA configuration for the ARIES-CS reactor study, Ku began from the LI383 design which is the basis for NCSX, and using the Stellopt optimizer 3 , found a new configuration, N3ARE, 2 closely related to LI383, but in which ÐÓ×× was reduced to below 10%.
Additionally, its thermal confinement was also substantially improved, with its "½ " transport coefficient ½ »¯¿ ¾ down from that of LI383 by a factor of roughly 5-8 over much of the minor radius, while other needed properties, such as MHD stability and equilibrium quality, were comparable to those in LI383. (Here,¯ is the "effective ripple strength" 4 of a given flux surface in a configuration.) Optimizers are very important design tools, but why they reach the solutions they do is often physically obscure. Our objective here is to enhance that physical understanding, which in turn facilitates the search for desirable configurations. In One also sees a large ripple well in both configurations on the inboard side ( ), deeper than those on the toroidal slopes, and much deeper for N3ARE than for LI383.
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However, as one notes from the much improved confinement of N3ARE over LI383, these large wells are fairly benign, while the much smaller well at in Fig. 3a provides a major additional loss channel in LI383, as will be seen.
In Figs However, a better indicator of a particle's rate of radial progress is not , but the bounce-averaged value of . ´ µ is plotted in Fig. 5a for LI383 and in 5b for N3ARE, computed by taking Ú ¼ for the particle at the plotted point, finding its other turning point along a field line, and then computing the bounce average between the 2 points using conservation of energy and magnetic moment . One notes that the peak values ÑÜ of fall almost exactly on those of ÑÜ for LI383, and they are of almost the same magnitude. In contrast, for N3ARE the peaks in occur closer Thus, the general principles emerge that (1)ripple wells alone are not necessarily dangerous for QA confinement, but ripple wells on the toroidal slope are, and (2)strong "left-inflections" in the ´ µ contours of a configuration tend to produce such wells, and so should be minimized.
As a further test of these rules, in Fig. 6 are displayed (a) ´ µ and (b) ´ µ for a related third QA configuration, T8G. In contrast to N3ARE, T8G was produced with the same modular coil set used to produce LI383, and then optimized using a weighted combination of ¼ Ñ Ò ÐÓ×× , and¯ for a transport f.o.m., allowing only the currents in the modular coils to vary. Such an optimization considerably constrains the range of configuration shapes available, and thus one might expect T8G's characteristics to fall between those of LI383 and N3ARE. Such an expectation is borne out by a number of device characteristics. The Ò ¼ ÑÒ -spectrum and the ´ µ plot of T8G look like hybrids of those for LI383 and N3ARE. The ´ µ profile of T8G bears some resemblance to that of LI383, but has developed the 2 large peaks around exhibited by N3ARE, and the ripple-well in Fig. 2a for LI383 has been reduced in size.¯ for T8G lies between those of LI383 and N3ARE, as are its «-loss fractions. At the edge,¯ has values 1.7, 0.82, and 0.57 % for LI383, T8G, and N3ARE, respectively, maintaining this ordering inward to × ¼ ¿. And in the same ordering, ÐÓ×× for ¿¼¼ equals 15, 10, and 4.5 %, resp. The ´ µ profile of T8G is considerably less smooth than that for LI383, with more ripple wells, so that one might naively expect it to have worse transport than LI383. In fact, however, consistent with rule (1) above, its confinement is significantly better -the wells at problematic values are smaller, and the extra ripple wells occur away from those problematic values. do not capture these rules, the former since it discriminates against all ÑÒ equally, as noted, and the latter since it would weigh (e.g.) the large ripple wells around as much more problematic than the small wells around ¾ ¿ ¾.
All of the semi-analytic f.o.m.s mentioned above are radially local, i.e., they are evaluated on a given flux surface . Thus, they miss the "radial connectivity" necessary for energetic ion loss. That is, a particle which drifts readily across one flux surface can still be well-confined if it drifts to another surface where becomes small, e.g., by the ripple well it is trapped in vanishing as one moves radially outward. Such connectivity is present in the QAs examined here. However, configurations might be found in which this is not the case, and for these, the radially local f.o.m.s would provide overly pessimistic expectations. One semi-analytic f.o.m. which is radially nonlocal seeks to make contours of the second adiabatic invariant Â a function of alone. 6 . However, such a f.o.m. is not useful for QAs -in QAs, ripple trapped parti-8 cles must drift almost vertically, and therefore making Â ³ Â´ µ is not possible.
Regarding NCSX in particular, as suggested by the discussion here, it should be possible to create T8G in that machine as well as the standard LI383 configuration just by varying the currents in its modular coil set, and thereby to partially plug the holes in LI383. Moreover, an additional set of trim coils is being designed with which it should be possible to create N3ARE, or some approximation, to further improve upon neoclassical confinement. 
